and termination of hepatic wound healing responses (3, 11, 34) . Hepatic Kupffer and stellate cells represent the major source of proinflammatory mediators and extracellular matrix proteins, respectively, which are secreted in response to injury of hepatocytes, the predominant liver parenchymal cells. On the basis of the concept that transforming growth factor (TGF)-␤ represents one of the key profibrogenic cytokines in liver (7, 13) , we aimed to identify genetic loci conveying differential susceptibility of hepatocytes to TGF-␤-mediated damage in vitro. We hypothesized that this reduction of complexity would allow us to identify genetic factors that not only contribute to the susceptibility of a specific cellular subpopulation in vitro but are also relevant in vivo. Hepatocytes account for two-thirds of the total number of liver cells and about four-fifths of total liver volume (21) , and they are the primary targets in most etiologies of liver damage.
For this study, we exploited a reference panel of recombinant inbred mouse lines derived by sib mating progeny of an intercross between C57BL/6J and DBA/2J parental strains (1) . This so-called BXD family of inbred lines, of which there are now nearly 160 members, has been studied for several decades. One of their main experimental advantages is that identical sets of genotypes can be tested under many different conditions by many research groups and used to identify networks of quantitative trait loci (QTLs) and sequence variants that cause differences in phenotypes (31, 35) . These strains have already been thoroughly genotyped and are ideal for long-term collaborative research.
In this study we isolated and cultivated primary hepatocytes from a subset of the BXD lines and challenged these cells with TGF-␤. The aim of this in vitro component of our study was to limit the complexity of interaction to a single prominent signaling molecule, TGF-␤, and a single cell type, hepatocytes. A second goal is to test whether increased susceptibility to TGF-␤-induced cell death in vitro represents a suitable model of chronic in vivo liver injury. Dying hepatocytes release various proinflammatory cytokines, and this in turn activates stellate and Kupffer cells, which release cytokines and chemokines. Genetic difference in hepatocyte susceptibility is likely to be a major factor that explains differences in response to chronic liver injury among humans.
To compare in vitro with in vivo data, we exploited two large datasets of fibrosis-associated phenotypes. We also analyzed experimental whole liver transcriptome datasets to assess the impact of different modes of damage on gene expression This has enabled us to systematically screen candidate genes within our in vitro and in vivo QTL (4, 6, 33) . We mapped variation in mRNA levels in the fibrosis liver expression data sets by standard QTL mapping methods (5, 9) . A strong correlation between differences in mRNA level and differences in alleles at a genetic marker is referred to as an expression QTL (eQTL). We hypothesized that a detectable QTL will be result in considerable changes in the transcriptome caused by genetic differences in the respective area altering expression levels in cis or trans. Therefore we searched liver expression datasets following damage of two different etiologies [ethanol and carbon tetrachloride (CCl 4 )] for genes that were impacted by sequence variants in the common "in vitro hepatocyte damage" and "in vivo fibrogenesis" candidate region. By combining these different sets of results, we were able to identify genetic loci that modify the liver cells' response to intoxication by virtue of genetic variation.
METHODS
Inbred mouse and murine reference lines. BXD lines were obtained from The Jackson Laboratory (http://www.jax.org) or from Oak Ridge National Laboratory (lines BXD43, BXD51, BXD61, BXD73) and were bred in the facility of the Neurobsik consortium from the Vrije Universiteit (Amsterdam, the Netherlands). Parental lines C57BL/6J and DBA/2J were purchased from local suppliers (Charles River Germany and Janvier Labs Europe). Mice were maintained in a vivarium under temperature-controlled conditions (22 Ϯ 1°C) and treated in accordance with local guidelines as approved by the Saarland University Committee for care and use of animals and the local county regulatory authority "Landesamt für Verbraucherschutz, Abteilung H Lebensmittel-und Veterinärwesen."
Isolation of primary mouse hepatocytes and in vitro analysis of hepatocellular damage by TGF-␤. Hepatocytes were isolated by a two-step collagenase perfusion method, following the standard operation procedures of the Virtual Liver Network (12, 18, 24) from animals aged between 12 and 16 wk. We assayed 21 BXD lines and performed a minimum of three preparations per sex and per BXD line. After purification, cells were plated in collagen-coated six-well culture plates (150,000 cells per well) and allowed to adhere for 4 h in Williams E medium (Sigma-Aldrich, St. Louis, MO) containing 10% (vol/vol) fetal bovine serum (PAA, Cölbe, Germany). After 4 h, the medium was changed to Williams E medium without supplementation, and cells were serum-starved for 18 h. Afterwards, the cell culture medium was replaced with Williams E medium containing 5 ng/ml recombinant TGF-␤ (PreproTech, Hamburg, Germany) for 48 h. This concentration was based on previous dynamic cell culture experiments investigating TGF-␤-mediated signal transduction in AML12 hepatocytes (39) . Control wells were grown in fresh, serumfree Williams E medium. After 48 h, culture supernatants were collected, and adherent cells were lysed in 2% (vol/vol) Triton X-100 (Sigma-Aldrich).
We assayed hepatocellular damage by measuring lactate dehydrogenase (LDH) in the supernatant and from adherent cells following lysis in 2% Triton X-100 spectrometrically with a colorimetric assay as suggested by the manufacturer (Roche, Basel, Switzerland). We measured total cell damage by calculating the relative amount of LDH released into the cell culture supernatant as a percentage of the total LDH from the adherent, intact cells plus the supernatant:
The difference in LDH release between TGF-␤-treated cells and untreated cells, expressed as a percentage of total LDH in untreated cells, was used as trait for QTL mapping:
Trait values were uploaded into the "BXD Published Phenotypes Database" of GeneNetwork, (http://www.genenetwork.org), trait number 16231.
QTL analysis of TGF-␤-induced cellular damage in vitro. Normal distribution of total trait data and within each BXD line was analyzed by Kolmogorov-Smirnov tests in SPSS v21.0 (IBM, Ehningen, Germany). For QTL analyses, median ⌬LDH values were used as trait. Within-strain and between-strain variances were calculated with anal- (36) . Heritability (h 2 ) was estimated with the intraclass correlation coefficient (27) .
QTLs were identified by interval mapping: effects of hypothetical QTLs between tested markers were estimated from the genotypes at the markers that flank the interval (14) . This analysis provided information on the most likely chromosomal localization of the QTL relative to the associated marker. For composite interval mapping, a single genetic marker representing an identified QTL with the same strain conferring the susceptible allele or an interacting locus from pairwise interaction scans was included as covariate. This methodology increases the power to identify QTLs in complex phenotypes by removing the effect of the pre-eminent or interacting QTL (25, 26) .
The significance of each association was expressed as likelihood ratio statistic (LRS) (14) . LRS values can be converted to LOD (logarithm of the odds) scores by division by 4.61. To estimate the empirical significance threshold of QTL peaks, we mapped 2,000 or more permutations of each trait.
In vivo analysis of fibrogenesis following CCl 4 damage. Our in vivo model of liver damage was the well-established chronic challenge with CCl4 (15, 38) . We induced chronic liver damage in 33 BXD lines by 12 intraperitoneal injections (0.7 mg CCl4/kg body wt twice weekly) over 6 wk and measured fibrosis-related phenotypes. Hepatic collagen contents were quantified with a biochemical assay of hydroxyproline in liver hydrolysates (19) . Sirius red-stained collagen areas and semiquantitative fibrosis stages (F0 -F4) were determined in paraffin sections from the livers. Trait values were uploaded into the "BXD Published Phenotypes Database" of GeneNetwork, trait number 14383. Furthermore, we generated hepatic expression data in livers from females of all 33 BXD lines, using the Affymetrix Mouse Gene 1.0 expression arrays as described by Hall RA, Weber SN, Lammert F (unpublished observations). The expression dataset was uploaded into GeneNetworkunderthedescriptionSUH_BXD_Liver_Affy_Mouse_Gene_
eQTL analysis of susceptibility genes. We exploited whole liver expression data generated using tissue from cases (4 per sex and per strain) treated with a single injection of 6 g/kg ip ethanol and allowed to survive for 24 h (data provided courtesy of Dr. Robert Rooney, Genome Explorations). These data were generated with the Affymetrix MOE 430.2 array. We also exploited whole liver expression data generated by our own group. We treated 33 BXD strains with CCl 4. To identify eQTLs that aligned with the main TGF-␤-associated QTL we used the search term "LRSϭ(15 999 Chr11 83 95)" in GeneNetwork (37) . We included a broader interval to account for a QTL peak in vivo (LRS ϭ 12) around 92 Mb (see Fig. 3 ). This search retrieves genes from the BXD database that are correlated with genetic markers positioned between 83 and 95 Mb on chromosome 11 at an LRS Ն 15. The majority of these loci are cis eQTLs with cognate genes that are themselves located within this interval. For all markers showing strong eQTLs we searched for coding variants differing between C57BL/6J and DBA/2J.
Gene expression network analysis. Coexpression between genes was analyzed by Pearson's correlation coefficients. To illustrate net- works of genes that share common genetic control, we display results in the form of graphs with correlation strengths represented by edges between transcripts, as implemented in GeneNetwork. Figure 1 shows hepatocellular damage after 48 h TGF-␤ challenge in vitro, expressed as relative difference of LDH activity in tissue culture supernatant between TGF-␤-treated cells and untreated control cells. The trait shows marked differences between BXD reference lines. Table 1 summarizes the individual trait values, with a trait value of zero defined as no difference in LDH release between hepatocytes treated with 5 ng/ml TGF-␤ and those maintained in serum-free E medium. The average increase of LDH release by TGF-␤ is 21.2%, as indicated by the horizontal line in Fig. 1 . It is noteworthy that a few lines yielded a negative trait value, indicating decreased cell death in TGF-␤-treated samples compared with cells maintained in serum-free Williams medium. For hepatocytes from these BXD lines, TGF-␤ appears to exert a protective effect in vitro. h 2 of the cellular trait in the total population was rather low at 0.22. When separated by sex, h 2 in male mice was 0.46 but only 0.16 in female mice, indicating that a substantial amount of within-strain variation is due to sex-specific differences such as hormonal status variation (Table 2) .
RESULTS

Variation and QTL analysis of TGF-␤-induced hepatocellular damage in vitro.
Interval mapping of TGF-␤-induced damage using trait values all 21 BXD lines revealed that a 6 Mb locus on mouse chromosome 11 (rs13481128@83.5 Mb-rs3659504@89.5 Mb) was associated with hepatocellular damage, with two further suggestive loci on chromosomes 4 (LRS ϭ 13.0) and 5 (LRS ϭ 12.5) modulating the trait. When we accounted for the effect of the chromosome 5 locus (rs13478133) by composite interval mapping (see METHODS), chromosome 11 emerged as the most significant driver of the trait. The LRS of 18.0 indicated significant linkage at the genome-wide level ( Fig. 2A) , as deter- QTL analysis of experimental fibrogenesis in vivo. Composite interval mapping of histopathological fibrosis stages in 33 BXD lines during chronic liver injury in vivo resulted in two significant QTLs on chromosomes 7 (rs3703247@48.2-rs8255275@53.7) and chr 17 (rs13483077@64.9-rs13483081@71.1). When we controlled for the effect of gnf06.037.785 at 40.7 Mb on chromosome 6, composite interval mapping revealed involvement of the same region of chromosome 11 as implicated in vitro (Fig. 3) . The former had been identified as a strong interacting locus by a genome wide pairwise interaction scan. Here, the LRS of 12.1 (using mean fibrosis stages in males) is suggestive but not significant, which is not unexpected in view of the complex nature of fibrogenesis in vivo. Direct comparison between both phenotypes showed a moderate correlation between hepatocyte damage following 48 h TGF-␤ treatment in vitro and F-score following 6 wk of CCl 4 injections in vivo (r ϭ 0.36, P ϭ 0.11).
eQTL analysis of ethanol-and CCl 4 -damaged liver tissue. We searched expression databases for markers inside the candidate region (83-95 Mb) that are significantly correlated with gene expression under conditions of hepatocellular stress. Six markers at 83.5, 87.7, 88.5, 88.9, 90.2, and 90.7 Mb, respectively, were detected that exerted a substantial impact on the expression of other genes. These markers accounted for all eQTLs with LRS Ͼ 15.0 in short-term ethanol-treated livers (Table 3) . The SNP at 83.5 Mb represents the main eQTL locus within the candidate region associated with the regulation of gene expression, accounting for 15 genes from a total of 43 genes associated at LRS Ͼ 15.0. The other five loci at 87.7, 88.5, 88.9, 90.2, and 90.7 Mb were associated with the expression of 11, eight, four, two, and three genes, respectively (Table 3) .
In CCl 4 -treated livers, three genomic loci at 83.5, 88.5, and 89.6 Mb accounted for the entire set of 22 eQTLs within the candidate region that were associated with the expression of genes following toxic liver damage for 6 wk at LRS Ͼ 15.0 (Table 3 ). The genomic marker at 83.5 Mb was associated with the expression of 12 out of 22 genes associated with loci within the candidate region at LRS Ͼ 15.0. The genomic locus around 88.5 Mb accounted for the seven associations, and a single nucleotide polymorphism (SNP) at 89.6 Mb was associated with the remaining three genes (Table 3) .
These high-impact eQTLs were associated with the following markers used to test for association with expression values in BXD lines: rs13481128 at 83.5 Mb, rs3720112 at 87.7 Mb, rs3659504 at 88.5 Mb, D11Mit41 (rs6370920) at 88.9 Mb, rs13481150 at 89.6 Mb, rs13481154 at 90.2 Mb, and rs13481156 at 90.7 Mb. On the basis of our initial assumption that TGF-␤ is a common mediator of liver damage and fibrogenesis in the etiologies investigated, the two highest-impact eQTL loci at 83.5 and 88.5 Mb represent creedal candidate loci for causing the TGF-␤-induced differential effects. The proximal locus is associated with the expression of 27 out of a total of 65 genes, and the distal SNP shows association with the expression levels of 18 out of 65 genes with LRS Ͼ 15.0 (Table 3) .
Identification of susceptibility genes. Following the delineation of two genomic loci within our candidate region that show substantial association with gene expression following liver damage, the next step was the identification of nearby aminoacid alterations that differentiate between the two parental mouse strains C57BL/6J and DBA/2J. A variant search of the 83-95 Mb region of chromosome 11 at the Jax phenome database (Sanger1 dataset) for coding/nonsynonymous and splice site variants retrieved 111 nonsynonymous amino acid differences between these strains. Focused search near expression-associated SNPs revealed a coding variant in close proximity of rs13481128 at 83.5219 Mb, the SNP in the region that showed correlation with the highest number of transcripts in ethanol-and CCl 4 liver damage ( Identification of gene expression networks. We speculate that the associations between SNPs and gene transcription levels revealed by eQTL analysis are not an effect of the variants themselves, but more likely to be mediated by a nearby coding variant in linkage disequilibrium. If the coding variant alters a protein, expression of the allelic variants may have a knock-on effect on the transcription of various other genes affected by the resulting structural changes. In fact, the downstream affected genes can be identified and grouped into networks of co-regulation by statistical analysis of data from all BXD lines investigated for coexpression.
The resulting network graphs can serve as identifiers of biological interaction pathways (32) . Of note, the coexpression analysis of genes that were associated with markers in the candidate region with LRS Ͼ 15.0 in the two models of liver damage available for eQTL analysis, 6 wk of CCl 4 injections or 6 g/kg of ethanol for 24 h, revealed the DEAH (Asp-GluAla-His) box polypeptide 40 (Dhx40) and the Pctp as the only common genes. All other transcripts associated with loci on chromosome 11 (83-95 Mb) in either ethanol-or CCl 4 -induced liver damage are different, suggesting largely divergent genetic responses to both etiologies of liver damage.
DISCUSSION
The aim of our study was to identify susceptibility genes for liver fibrogenesis by cellular phenotyping of isolated murine liver cells after challenge with the central profibrogenic stimulus TGF-␤. The study design was based on the hypothesis that increased susceptibility to TGF-␤-induced cell death in vitro may be a suitable model for the physiological processes underlying individual differences in response to chronic liver injury in vivo.
Here, we employed QTL mapping of TGF-␤-induced cell death to identify a locus at position 83-89 Mb on mouse chromosome 11 that is significantly associated with in vitro susceptibility of hepatocytes as well as two suggestive loci on chromosomes 4 and 5. The observation that the trait "fibrosis stage in vivo" colocalizes with this QTL on chromosome 11 supports our working hypothesis and indicates that mouse strains with hepatocytes that are highly susceptible to TGF-␤-mediated damage in vitro appear to develop more progressive fibrosis in vivo. While there are obviously multiple differences between both phenotypes measured and the damage models, the impact of TGF-␤ on hepatocytes appears sufficient to result in a genotype-phenotype correlation peak consistent across experimental designs.
In the past, the identification of genes underlying major QTL was frequently hampered by the size of the region and the number of genes of unknown function contained within. However, we now have access to complete variation maps for numerous mouse strains and lines, as well as to liver-specific gene expression data for tens of thousands transcripts per mice under various conditions of stress or damage (8, 28) . Correlation analyses in our datasets allowed us to identify gene variants within the critical QTL that are associated with the transcriptional response to environmental challenges. When we analyzed the expression data from livers that were damaged in vivo with hepatotoxins for correlation with genetic variation in the susceptibility locus, we were able to identify four critical single nucleotide variants. These were defined by most significant linkage with hepatic expression levels under stress in vivo. In particular, rs13481128 at 83.5 Mb showed a particularly strong regulatory impact in both models (Table 3) .
Expi, the nearest gene to rs13481128 bearing a nonconservative polymorphism, belongs to a group of three adjacent, structurally similar "WFDC" (whey acid-four cytosine domain) proteins (22, 23, 30, 41) . Of these three transcripts (GM11048/Wfdc17/AMWAP, Expi/WDNM1/Wfdc18, WDNM1-like/1100001G20Rik), only Expi shows a sequence difference resulting in an amino acid substitution between the parental strains C57BL/6J and DBA/2J. The WFDC structural element is indicative of potential inflammatory and antimicrobial properties, similar to defensins (2, 40) . Previous studies showed that Expi plays a role in epithelial cell apoptosis, involving the TNF-␣/NF-B signaling pathway (20, 23) . These studies indicate potential mechanisms how the amino acid alteration in this short peptide might cause differential priming of hepatocytes for proapoptotic signals, including TGF-␤, although further studies are required.
At the distal end of the QTL, two coding variants (rs29454667 at 88.2 Mb and rs29388941 at 88.4 Mb) in the hematopoietic stem cell marker Msi2 point to another candidate gene. It is entirely unknown at present how Msi2 might play a role in the sensitivity of hepatocytes to TGF-␤. Since TGF-␤ is involved in angiogenesis (16) and might render hepatocytes more apoptosis susceptible, a potential role of a transcriptional regulator involved in hematopoiesis does not seem entirely impossible. In both models of liver damage analyzed, Dhx40 appears as common denominator. Coincidentally, the physical position of Dhx40 is also central to the QTL candidate region. However, no nonsynonymous variants between the parental strains (C57BL/6J and DBA/2J) were identified in this gene. The phosphatidylcholine transfer protein Pctp is located just outside the candidate region for TGF-␤-induced hepatocyte damage in vitro, but well within the candidate area for CCl 4 -induced F-score in vivo (Fig. 3) . It is also one of only two genes associated with markers in the candidate region in both etiologies of liver damage amenable to eQTL analysis. In contrast to Dhx40, the Pctp gene bears an aminoacid exchanging polymorphism (rs27067571) that differentiates between both parental mouse strains.
Only genes bearing variants between the parental strains or loci exerting differential regulatory or biochemical activity in the tissues analyzed are able to cause an inheritable phenotype that can be mapped by QTL analysis. Regions that are identical-by-descent in both strains do not generate any difference in the trait measured, thereby excluding parts of the genome from analysis. This exclusion may conceal some factors influencing the complex response to liver damage from detection in our experimental setting. At the same time, it removes sources of variation, and this reduction may facilitate QTL mapping in a limited murine reference panel such as the BXD strains (1) used in this study.
In summary, we have identified a genomic locus that has a significant impact on hepatocyte sensitivity to TGF-␤ signaling in vitro and plays a potential role in experimental fibrogenesis in vivo. Within this locus we identified sequence variants and amino acid differences in Expi that were associated with differential transcriptional activities in response to hepatotoxins. Coexpression of Dhx40 and Pctp in both etiologies of liver damage might suggest a role for these genes in mediating the damage-associated response. These associations require closer functional studies to dissect the role in genetic predisposition to liver damage and fibrogenesis.
